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TITLE OF THE INVENTION 
SEMICONDUCTOR DEVICE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is based upon and claims the 
5 benefit of priority from prior Japanese Patent 

Applications No. 2003-176527, filed June 20, 2003; and 
No. 2003-207695, filed August 18, 2003, the entire 
contents of both of which are incorporated herein by 
reference . 

10 BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a MOS (Metal 
Oxide Semiconductor) type semiconductor device, and 
more particularly to the structure of an element- 
15 isolation region provided in the MOS. 

2. Description of the Related Art 

Microf abrication of semiconductor devices has 
recently advanced. To realize microf abrication of 
semiconductor devices and enhance the performance, such 

20 as current drivability, of the devices, scaling down is 

performed in accordance with a predetermined scaling 
rule. To scale down semiconductor devices, it is also 
necessary to scale down element isolation regions 
provided for electrically isolating element regions 

2 5 formed in its semiconductor substrate. 

However, there are indications that the 
performance of a semiconductor device will vary if the 
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diffusion layers forming the source and drain regions 
of a MOS transistor formed in and on an element region 
are reduced. This is because the insulating layer 
filled in the element isolation region produces stress 
5 in the element region. More specifically, in, 

for example, so-called shallow trench isolation (STI) 
in which a trench is formed in a substrate and filled 
with an insulating layer, thereby providing an element 
isolation region, the insulating layer produces stress 

10 in the element regions. As a result, the mobility of 

electrons or holes in a MOS transistor formed in and on 
each element region varies, which causes the 
performance of the semiconductor device to vary (see 
document 1 (G. Scott et al . , lEDM Tech. Dig. 1999, 

15 pp. 827-830); document 2 (K. Rim et al . , VLSI Symp., 

2001, p, 59); and document 3 (K. Rim et al., VLSI 
Symp. , 2002, p. 98) ) . 

In existing CMOS devices. Si, for example, is used 
as the material of element regions, while an Si02"'based 

20 material, such as TEOS, is used as the material of 

element isolation regions. Since the coefficient of 
thermal expansion of Si02 is lower than that of Si, 
an element isolation region produces stress in 
an element region, compressing the element region. 

25 In other words, when each material is cooled from 

a high temperature to room temperature after a thermal 
process. Si contracts more than Si02. At this time. 
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compressive stress is produced in the element region by 
the element isolation region that contracts less than 
the element region. As a result, in an NMOS transistor 
provided at the element region, the mobility of 
5 electrons is reduced due to the compressive stress. 

This means that the NMOS transistor is degraded in 
performance, compared to transistors in which the 
source/drain regions have a large area. 

BRIEF SUMMARY OF THE INVENTION 

10 According to a first aspect of the present 

invention, there is provided a semiconductor device 
including: a semiconductor substrate having an element 
region; and an element isolation region formed around 
the element region, the element isolation region being 

15 formed of an insulation material having a higher 

thermal expansion coefficient than the element region. 

According to a second aspect of the present 
invention, there is provided a semiconductor device 
including: a semiconductor substrate having an element 

20 region; and an element isolation region formed around 

the element region, the element isolation region having 
a first layer and a second layer, the first layer being 
formed of an insulation material and located in contact 
with the element region, the second layer being located 

25 inside the first layer and formed of a conductive 

material, the conductive material having a thermal 
expansion coefficient higher than a thermal expansion 



coefficient of the element region. 

According to a third aspect of the present 
invention, there is provided a semiconductor device 
including: a semiconductor substrate; a first element 
region formed in the semiconductor substrate, a gate 
electrode being provided on the first element region, 
source and drain regions being formed in the first 
element region; an element isolation region provided 
around the first element region; and recesses formed in 
opposing sides of the first element region, the element 
isolation region being formed in the recesses. 
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
FIG. 1 is a plan view illustrating the essential 
part of a MOS transistor formed in a semiconductor 
substrate in a first embodiment of the invention; 

FIG. 2 is a sectional view taken along line I-I in 
FIG. 1; 

FIG. 3 is a plan view illustrating the essential 
part of a MOS transistor formed in a semiconductor 
substrate in a second embodiment of the invention; 

FIG. 4 is a sectional view taken along line II-II 
in FIG. 3; 

FIG. 5 is a plan view of a third embodiment of the 
invention, illustrating element regions formed in 
a semiconductor substrate and the essential part of 
a MOS transistor formed in the substrate; 

FIG. 6 is a sectional view taken along line 
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III-III in FIG. 5; 

FIG. 7 is a plan view of a fourth embodiment of 
the invention, illustrating element regions formed in 
a semiconductor substrate and the essential part of 
5 a MOS transistor formed in the substrate; 

FIG. 8 is a sectional view taken along line IV- IV 
in FIG. 7; and 

FIG. 9 is a sectional view illustrating the 
portion of a semiconductor substrate in a fifth 
10 embodiment that is the same as the portion taken along 

line III-III in FIG. 5. 

DETAILED DESCRIPTION OF THE INVENTION 
Embodiments of the invention will be described in 
detail with reference to the accompanying drawings. 
15 (First Embodiment) 

FIG. 1 is a plan view illustrating an essential 
part of a MOS transistor formed in a semiconductor 
substrate and according to a first embodiment. This 
semiconductor substrate is, for example, an SOI 
20 (Silicon On Insulator) substrate. FIG. 2 is 

a sectional view taken along line I-I in FIG. 1. 

The SOI substrate is formed of an Si substrate 4, 
an insulating layer 5 made of, for example, Si02, and 
an Si layer 6 stacked on each other. The SOI substrate 
25 is formed by, for example, SIMOX (Separation by 

Implanted Oxygen) . 

A trench TR is formed in the Si layer 6 such that 
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it reaches the insulating layer 5, and SiN, an 
insulation material, is filled in the trench TR, 
thereby forming an element isolation region 1. SiN is 
buried by, for example, plasma CVD (Chemical Vapor 
5 Deposition) method. As a result, an element region 2 

is defined inside the element isolation region 1* 
A MOS transistor is formed in the element region 2. 

Specifically, a gate electrode 3 formed of, 
for example, polysilicon is provided on the element 

10 region 2, with a gate insulating film 7 interposed 

therebetween. The gate electrode 3 has side walls. 
Source and drain regions S/D are formed at the opposite 
sides of the gate electrode 3 by, for example, 
implanting impurity ions. Respective electrodes (not 

15 shown) , which serve as contacts, are formed in the 

source and drain regions and are connected to wiring 
(not shown). Further, another element region 6, - 
for example, is formed outside the element isolation 
region 1. Although FIG. 2 shows a complete depletion 

20 type transistor, the transistor formed in the element 

region is not limited to this, but may be of a partial 
depletion type. 

The material of the element isolation region- 1, 
SiN, has a higher thermal expansion coefficient than 

25 the material of the element region 2, Si. Accordingly, 

when the temperature of the semiconductor substrate is 
reduced to a room temperature after SiN is buried into 



a trench by a thermal treatment, the element isolation 
region 1 more contracts than the element region 2. As 
a result, a tensile stress due to the contraction of 
the element isolation region 1 occurs in the element 
region 2 . 

As described above, in the first embodiment, 
an element isolation region formed of SiN that has 
a higher thermal expansion coefficient than Si is 
defined in the Si layer of the SOI substrate. This 
causes a tensile stress due to the contraction of the 
element isolation region 1 to occur in the element 
region 2. When the element region 2 expands because of 
the tensile stress, the mobility of carriers in the MOS 
transistor formed in the element region 2 increases. 
(Second Embodiment) 

In a second embodiment, the element isolation 
region comprises a first layer in contact with the 
element region, and a second layer inside the first 
layer. The first layer is formed of an insulation 
material, while the second layer is formed of a 
material having a high thermal expansion coefficient, 
such as a metal . 

FIG. 3 is a plan view illustrating an essential 
part of a MOS transistor formed in a semiconductor 
substrate and according to the second embodiment. 
This semiconductor substrate is, for example, an SOI 
substrate. FIG. 4 is a sectional view taken along 



line II-II in FIG. 1. The SOI substrate and the MOS 
transistor formed in the element region have the same 
structures as those employed in the first embodiment, 
therefore no descriptions are given thereof. 

A trench TR is formed in an Si layer 6a on the SOI 
substrate such that it reaches an insulating layer 5, 
thereby forming an element isolation region. This 
element isolation region comprises a first layer 10 in 
contact with an element region 2a, and a second layer 
11 inside the first layer 10. The first layer 10 in 
contact with the element region 2a is formed of, for 
example, SiN, an insulation material. The SiN layer 10 
is formed by, for example, plasma CVD method or LP-CVD 
(Low pressure - Chemical Vapor Deposition) method. 

The second layer 11 provided inside the SiN layer 
10 is formed of a metal, such as Al, Cu, TiN, Ti, W, 
TaN, Co, Ni> etc. . . 

The SiN layer 10 and metal layer 11 that provide 
the element isolation region has a higher thermal 
expansion coefficient than the material of the element 
region 2a, Si. Accordingly, when the temperature of 
the semiconductor substrate is reduced to a room 
temperature after the SiN layer 10 and metal layer 11 
are buried into a trench by a thermal treatment, the 
SiN layer 10 and metal layer 11 more contract than the 
element region 2a. As a result, a tensile stress due 
to the contraction of the element isolation region 



occurs in the element region 2a. 

As described above, in the second embodiment, 
a tensile stress due to the contraction of the SiN 
layer 10 included in the element isolation region 
occurs in the element region 2a. When the element 
region 2 expands because of the tensile stress, 
the mobility of carriers in the MOS transistor formed 
in the element region 2a increases. 

Moreover, in the second embodiment, the metal 
layer 11 having a higher thermal expansion coefficient 
than the material of the element region is included in 
the element isolation region, thereby causing a tensile 
stress due to the contraction of the metal layer 11 to 
occur in the element region 2a. When the element 
region 2a further expands because of the tensile stress 
due to the metal layer 11, the mobility of carriers in 
the MOS transistor formed in the element region 2a 
further increases , 

In the second embodiment, the second layer 11 
inside the first (SiN) layer 10 is formed of a metal. 
However, the second layer is not limited to this, but 
may be formed of salicido-based TiSi, TiSi2, CoSi, 
CoSi2, Nisi, NiSi2, etc. It is sufficient if the 
material has a higher thermal expansion coefficient 
than si, the material of the element region 2a. 

Further, in the second embodiment, SiN is used as 
the material of the first layer located in contact with 
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the element region 2a. However, Si02, such as TEOS 
(Tetra-Ethyl Orso Silicate) , may be used as the 
insulation material. 

Also, in the first and second embodiments/ 
5 the conductivity type of the transistor formed in 

the element region may be either the P channel or 
N channel. Both a P-channel MOS transistor and 
N-channel MOS transistor can be enhanced in their 
current drivability. 
10 In addition, the first and second embodiments 

employ an SOI substrate. However, bulk Si may be used 
as the material of the semiconductor substrate, 
instead. In this case, the amount of tensile stress 
can be varied by changing the depth of the trench. 
15 (Third Embodiment) 

FIG. 5 is a plan view, illustrating the essential 
part of a MOS transistor formed in a semiconductor 
substrate in a third embodiment of the invention. 

A semiconductor substrate formed of, for example, 
20 Si is provided with element regions 20, 23, 24 and 25. 

A trench (not shown) is formed between the element 
regions, and filled with an insulator, such as TEOS 
(an Si02-based material), thereby forming an element 
isolation region 30. Further, an NMOS transistor is 
25 formed in the element region 20. 

Specifically, a gate electrode 21 formed of, 
for example, polysilicon is provided on the element 



region 20 with a gate insulating film (not shown) 
interposed therebetween. Source/drain regions S/D are 
formed on opposite sides of the gate electrode 21. 
These source/drain regions S/D are formed by- 
implanting, for example, N-type impurity ions into the 
element regions. Further, electrode pads 22, which 
will serve as a contact, are formed in the source/drain 
regions S/D. Wires (not shown) are connected to 
the electrode pads 22. This embodiment employs 
a transistor used as, for example, standard cell, but 
is not limited to standard cell. 

The element region 20 has recesses 20a and 20b so 
that the two sides of the region 20 opposing each other 
in the direction of the channel length are located 
close to the gate electrode 21. The recesses 20a and 
20b have the same shape, for example. If the channel- 
width directional length la and the channel-length 
directional length lb of the element region 20 are, 
for example, 1 ixm and 0.5 jum, respectively, the 
recesses 20a and 20b have the following dimensions: 
The channel-width directional length Ic of four 
projections 20c, 20d, 20e and 20f is 0.1 jam; the 
channel-width directional length le of the recesses 20a 
and 20b is 0.8 /xm; the channel-length directional 
length Id of the recesses 20a and 20b is 0.1 //m; the 
distance If between the element region 20 and the 
element region 23 adjacent thereto in the channel width 
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direction is 0.1 /xiti, and the width of the gate 
electrode 21 is 0.05 /ziti. These dimensions are just 
examples and can be varied. 

FIG. 6 is a sectional view taken along 
line III-III in FIG. 5. In FIG. 6, the arrows in 
the substrate indicate the directions and levels of the 
forces applied to the element region 20 (accordingly, 
stresses corresponding to these forces are produced in 
the element region 20) . 

In FIG. 6, reference numeral 31 denotes an element 
isolation region formed between the element regions 20 
and 23. Further, reference numeral 32 denotes 
an element isolation region formed in the recess 20a of 
the element region 20. 

The material, Si02/ of the element isolation 
region 30 (which includes the element isolation regions 
31 and 32) has a coefficient of thermal expansion ■ lower 
than Si. Therefore, when the temperature of the 
semiconductor substrate reduces to room temperature 
after Si02 is filled into the trench by a heat 
treatment, the element region 20 contracts more than 
the element isolation region 30. At this time, 
compressive stress is produced in the element region 20 
by the element isolation region 30 that contracts less 
than the element region. 

The length le of the recess 20a of the element 
region 20 is longer than the distance If between 
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the element regions 20 and 23. Therefore, the stress 
produced in the projection 20c of the element region 20 
by the element isolation region 32 in the recess 20a 
that contracts less than the element region is greater 
5 than that produced in the projection 20c of the element 

region 20 by the element isolation region 31 between 
the element regions adjacent in the channel width 
direction. As a result, the element region 20 expands 
in the channel width direction. If an element region 

10 exists adjacent to the projection 20e in the channel 

width direction, stress occurs in the projection 20e to 
expand the element region 20 in the channel width 
direction. Thus, the element region 20 expands in the 
channel width direction. The same can be said of the 

15 projections 20d and 20f. The resultant expansions 

absorb the compressive stress produced in the element 
region by the element isolation region that contracts- 
less than the element region. 

As described above in detail, in the third 

20 embodiment, the recesses 20a and 20b are employed, and 

parts of the element isolation region 30 are located in 
the recesses. Further, the element isolation region 30 
is formed of a material having a lower coefficient of 
thermal expansion than the material of the element 

25 region 20. In addition, the length le of the recesses 

20a and 20b is set greater than the distance If between 
the element regions 20 and 23. 
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By virtue of this structure, the entire element 
region 20 is extended in the channel width direction by 
the stress produced in portions of the element 
isolation region 30, with the result that the mobility 
5 of electrons is increased and the performance of the 

NMOS transistor is enhanced. 

Furthermore, the level of the stress produced in 
the element region can be varied in a desired manner by 
changing the channel-length directional length of the 
10 recesses 20a and 20b. 

(Fourth Embodiment) 

In a fourth embodiment, recesses are formed in the 
two sides of an element opposing in the direction of 
the channel width, and the element region is extended 
15 in the direction of the channel length. 

FIG. 7 is a plan view of the fourth embodiment of 
the invention/ illustrating an essential part of- a MOS 
transistor formed in a semiconductor substrate. 

Element regions 40, 23, 24 and 25 are provided on 
20 the semiconductor substrate. A trench (not shown) is 

formed between the element regions, and filled with an 
insulator, such as TEOS (an Si02-based material), 
thereby forming an element isolation region 50. 
Further, an NMOS transistor is formed in the element 
25 region 40. Since the structure of the NMOS transistor 

is similar to that of the NMOS transistor employed in 
the third embodiment, no detailed description is given 
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thereof. 

The two sides of the element region 40 opposing in 
the channel width direction have respective recesses 
40a and 40b. The recesses 40a and 40b have the same 
5 shape, for example. If the channel-width directional 

length Ig and the channel-length directional length Ih 
of the element region 40 are, for example, 1 /im and 
0.5 /im, respectively, the recesses 40a and 40b have 
the following dimensions: The channel-length 

10 directional length li of four projections 40c, 40d, 40e 

and 40f is 0.1 /zm; the channel- length directional 
length Ik of the recesses 40a and 40b is 0.3 /im; the 
channel-width directional length Ij of the recesses 40a 
and 40b is 0.1 /im; the distance 11 between the element 

15 region 40 and the element region 25 adjacent thereto in 

the channel length direction is 0.1 jum, and the width 
of the gate electrode 21 is 0.05 Atm. These dimensions 
are just examples and can be varied. 

FIG. 8 is a sectional view taken along line IV-IV 

20 in FIG. 7. In FIG. 8, the arrows in the substrate 

indicate the directions and levels of the forces 
applied to the element region 40 (accordingly, stresses 
corresponding to these forces are produced in the 
element region 40) . 

25 In FIG. 8, reference numeral 51 denotes an element 

isolation region formed between the element regions 40 
and 23. Further, reference numeral 52 denotes 
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an element isolation region formed in the recess 40a of 
the element region 40. 

The material, Si02/ of the element isolation 
region 50 (which includes the element isolation regions 
5 51 and 52) has a coefficient of thermal expansion lower 

than Si* Therefore, when the temperature of the 
semiconductor substrate reduces to room temperature 
after Si02 is filled into the trench by a heat 
treatment, the element region 40 contracts more than 

10 the element isolation region 50. Accordingly, 

compressive stress is produced in the element region 4 0 
by the element isolation regions 51 and 52. 

The length Ik of the recess 40a of the element 
region 40 is .longer than the distance 11 between the 

15 element regions 40 and 25. Therefore, the stress 

produced in the projection 40d of the element region 40 
by the element isolation region 52 in the recess 40a is 
greater than that produced in the projection 40d of the 
element region 4 0 by the element isolation region 51 

20 between the element regions adjacent in the channel 

length direction. As a result, the element region 40 
expands in the channel length direction. If an element 
region exists adjacent to the projection 40c in the 
channel length direction, stress occurs in the 

25 projection 40c to expand the element region 40 in the 

channel length direction. Thus, the element region 40 
expands in the channel length direction. The same can 
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be said of the projections 40f and 40e* The resultant 
expansions absorb the compressive stress produced in 
the element region because of the element isolation 
region. 

5 As described above in detail, in the fourth 

embodiment, the recesses 4 0a and 40b are employed, and 
parts of the element isolation region 50 are located in 
the recesses. Further, the element isolation region 50 
is formed of a material having a lower coefficient of 

10 thermal expansion than the material of the element 

region 40. In addition, the length Ik of the recesses 
40a and 40b is set greater than the distance If between 
the element regions 40 and 25. 

By virtue of this structure, the entire element 

15 region 40 is extended in the channel length direction 

by the stress occurring in portions of the element 
isolation region 50, with the result that the mobility 
of electrons is increased and the performance of the 
NMOS transistor is enhanced. 

20 Furthermore, the level of the stress produced in 

the element region can be varied in a desired manner by 
changing the length of the recesses 40a and 40b. 
(Fifth Embodiment) 

In a fifth embodiment, a strained-Si layer is 

25 provided on a semiconductor substrate, and an element 

region 60 and element isolation region 70 are provided 
on the strained-Si layer. The regions 60 and 70 have 



the same shapes as the element region 2 0 and element 
isolation region 30, respectively, employed in the 
third embodiment. Furthermore, a PMOS transistor is 
formed in and on the element region 60. Since the 
element region 60 and the PMOS transistor provided in 
and on the element region 60 are similar to those shown 
in FIG. 5, no figures and descriptions are given 
thereof. 

FIG. 9 is a view similar to FIG. 6, illustrating 
the fifth embodiment. In FIG. 9, the arrows in the 
substrate indicate the directions and levels of the 
forces applied to the element region 60 (accordingly, 
stresses corresponding to these forces are produced in 
the element region 60) . 

In FIG. 9, reference niameral 63 denotes an element 
isolation region formed adjacent to the element region 
60 in the channel width direction. The semiconductor 
substrate employed in the fifth embodiment is formed of 
a first Si layer 80 forming a support substrate, an 
Si02 layer 81 forming an insulating layer, an SiGe 
layer 82, and a second Si layer 83 as an active layer 
for forming an element, which are arranged in this 
order. In thus-formed semiconductor substrate, the 
second Si layer 83 constitutes a strained-Si layer. 

This strained-Si layer 83 is formed by applying 
a tensile strain to Si, and has its Si band structure 
varied. More specifically, the strained-Si layer 83 is 



formed by, for example/ growing an Si crystal on 

an SiGe layer having a lattice constant higher than Si. 

In general/ if the degree of expansion (e.g. 
a tensile strain produced in the strained-Si layer 83 
by the SiGe layer 82) of a layer, in which the PMOS 
transistor is formed, exceeds a predetermined value, 
the mobility of holes as carriers is increased. 
Accordingly, in the PMOS transistor formed on 
the strained-Si layer 83 expanded by a tensile strain, 
the mobility of holes as carriers is increased. 

The element region 60 providing the PMOS 
transistor has recesses formed in the two sides 
opposing in the direction of the channel length, like 
the element region 20 of FIG. 5. Accordingly, the 
element region 60 expands in the direction of the 
channel width as in the third embodiment. This absorbs 
compressive stress produced in the element region 60 by 
the element isolation region 70. 

As described above in detail, in the fifth 
embodiment, the element region 60 and the PMOS 
transistor is provided on a strained-Si layer. 
Further, recesses are formed in the two sides of the 
region 60 opposing in the direction of the channel 
length, and the element isolation region 70 is formed 
of a material having a coefficient of thermal expansion 
lower than the material of the element region 60. 
Furthermore, recesses are formed in the respective 
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sides of the element region 60 opposing in the 
direction of the channel length, and the element 
isolation region 70 is formed of a material having 
a thermal expansion coefficient lower than the 
5 material of the element region 60. In addition, the 

channel-width directional length of the recesses is 
much longer than the distance between the element 
regions 60 and 63. 

In the above structure, the element region 60 is 

10 expanded in the direction of the channel width by the 

tensile strain of the strained-Si layer, and is further 
expanded by the compressive stress that is produced 
therein by the element isolation region. The expansion 
of the element region 60 increases the mobility of 

15 holes as carriers, thereby enhancing the performance of 

the PMOS transistor. 

Further, the -level of the stress produced in the - 
element region 60 can be varied in a desired manner by 
changing the width of the recesses. 

20 The performance of the PMOS transistor can be also 

enhanced by making the element region 60, provided in 
the strained-Si layer, have the same shape as the 
element region 40 of the fourth embodiment. 

Although in the fifth embodiment, the PMOS 

25 transistor is provided on the strained-Si layer, the 

NMOS transistor may be provided thereon. 

Similarly, in the third and fourth embodiments. 



the PMOS transistor may be provided in place of the 
NMOS transistor. 

In each of the above-described embodiments, the 
element isolation region is formed by STI. However, it 
may be formed by local oxidation of silicon (LOCOS) 
method. 

Additional advantages and modifications will 
readily occur to those skilled in the art. Therefore, 
the invention in its broader aspects is not limited to 
the specific details and representative embodiments 
shown and described herein. Accordingly, various 
modifications may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 



